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With the aim of simplifying AMS target preparation procedures for TCN measurements we tested a new
extraction chromatography approach which couples an anion exchange resin (WBEC) to a chelating resin
(Beryllium resin) to separate Be and Al from dissolved quartz samples. Results show that WBEC–
Beryllium resin stacks can be used to provide high purity Be and Al separations using a combination of
hydrochloric/oxalic and nitric acid elutions. 10Be and 26Al concentrations from quartz samples prepared
using more standard procedures are compared with results from replicate samples prepared using the
coupled WBEC–Beryllium resin approach and show good agreement. The new column procedure is per-
formed in a single step, reducing sample preparation times relative to more traditional methods of TCN
target production.
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The last few decades have seen signiﬁcant growth in studies
involving in-situ produced terrestrial cosmogenic nuclides (TCN)
in order to date and constrain Earth surface processes. In
particular, concentrations of 10Be and 26Al produced in quartz have
been widely applied. Samples require careful and labor intensive
chemical techniques to separate species for determination of
10Be/9Be and 26Al/27Al by Accelerator Mass Spectrometry (AMS).
The removal of interfering elements common in quartz such as Ti
and Fe, the retardation of isobars B and Mg, plus a complete sep-
aration of Be from Al are fundamental to the successful preparation
of AMS targets from rock samples [1].
Following puriﬁcation by acid etching, quartz samples can still
retain mg masses of Al and Ti, plus non-trivial concentrations of
Fe and other cations. A variety of chemical procedures are used
to separate Be and Al from other metals and from each other,
employing a range of liquid chromatography, solvent extraction
and selective pH precipitation techniques that typically require
several days of processing per sample batch (e.g. [2–5]). An extrac-
tion chromatographic resin (Beryllium resin, Eichrom Technologies
LLC) has been developed to isolate Be from other metal ions and
aid interference-free ICP (Inductively Coupled Plasma) measure-
ments for environmental health and groundwater monitoring [6].Here we report results of experiments which tested the ability of
the Beryllium resin, when coupled with an anion exchange resin
(WBEC resin, Eichrom Technologies LLC), to produce Al and Be
separates for TCN analysis. We then compare 10Be and 26Al
measurements made at CologneAMS from subsets of quartz sam-
ples prepared using standard separation techniques, with those
using the coupled WBEC–Beryllium resin separations.2. Methods
2.1. Experimental background
Initially we tested two elution schemes of Horwitz and
McAlister [6] who showed the successful separation of Al and Be
using a single 2 ml Beryllium resin column in 0.2 and 3 M nitric
acid (their Figs. 6 and 11). However, the 140 lg Al mass they used
is much less than is typically found in TCN quartz samples. When a
mass of Al more appropriate for a TCN quartz sample was tested
(1.5 mg) several tens of micrograms of Al eluted with the Be frac-
tion. As Be and Al will co-precipitate as hydroxides and because
even small amounts of Al in a Be target could compromise AMS
beam currents it is preferable to better maximize the separation
of Al and Be.
Horwitz and McAlister [6] also suggested it might be possible to
separate Al and Be on Beryllium resin at high nitric acid strengths,
as Al-nitrate salts appear to be more strongly retained. Testing sep-
arations in concentrated HNO3 we found an effective Al-free Be
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12 M. When higher (>3 mg) Al sample masses were tested, how-
ever, the column capacity became overloaded and Be eluted early,
along with Al and other elements. We were able to separate
impure samples by stacking multiple Beryllium resin columns
but in practice this requires knowledge of quartz purity prior to
dissolution and increases costs due to the single-use nature of
the Beryllium resin. Additionally, 1H-, 13C- and 31P NMR
measurements of eluates from the Beryllium resin revealed the
presence of an organophosphoric compound (bis(2-ethylhexyl)
methanediphosphonic acid). The amounts of the organic material
increased relative to the nitric acid concentration used, showing
the organophosphoric extractant is stripped at higher nitric acid
concentrations. Lastly, the Beryllium resin appears, in some cases,
to elute signiﬁcant amounts of Mg in the initial wash. While poor
retention of Mg on the resin is such that it is easily removed, the
isobaric implications for Al are undesirable for AMSmeasurements.
From the above results it became apparent that a more suitable
method for TCN targets would be to use a ‘guard’ column, to
extract Al prior to the sample entering the Beryllium resin. This
would prevent the Al fraction from coming into contact with,
and overloading, the Beryllium resin, whilst alleviating the need
for concentrated nitric acid to separate Al from Be. For this
approach we undertook the below tests using the WBEC and
Beryllium resins in weak hydrochloric/oxalic and nitric acid
schemes.
2.2. Materials
Beryllium resin cartridges developed by Eichrom Technologies
are dry, single-use, pre-packed 2 ml chromatographic columns
containing (50–100 lm) acrylic ester beads impregnated with a
chelating organophosphoric acid extractant (Dipex). Cartridges
of Beryllium resin were purchased from Triskem International
along with a 12 hole polycarbonate vacuum box with an attached
pressure valve (Fig. 1). The ﬁne mesh-size of the resin makes
gravity assisted ﬂow alone impractically slow, while ﬂow rates
can be accurately set using the valve. The vacuum box was
attached to a diaphragm pump. WBEC (Weak Base ExtractionFig. 1. Vacuum box with stacked (coupled) 7 ml WBEC resin columns on top of 2 ml
Beryllium resin columns.Chromatographic) resin manufactured by Eichrom Technologies
is a weak anion exchange resin employing an extractant made up
of tertiary octyl and decylamines (Alamine 336). This resin was
also purchased (S-grade, 50–100 lm bead size) from Triskem
International and packed into standard plastic chromatographic
columns. All acids were prepared using AnalaR grade or purer
(VWR) and deionized 18.2 MX water was used throughout.
Elemental standards were mixed to test column separations
and resin retention capabilities using single element Fluka
(1000 mg/l) ICP standards in dilute HNO3 (Sigma–Aldrich).
2.3. Experimental approach
For elution tests, ICP standard solutions were mixed to mimic
the elemental characteristics typical of either pure or impure
quartz samples used in TCN analyses, then dried on a hotplate
set to 100 C before being taken up in solution and added to appro-
priately conditioned columns. During all tests, ﬂow rates of elu-
tions were kept to between 0.5 and 2 ml/min. To test the ability
of the resins to retain certain metals we dried individual ICP stan-
dard solutions of Be, Al, Ti and Fe in what we predicted to be excess
amounts [7]. These were loaded onto 2 ml preconditioned WBEC
resin and Beryllium resin columns in 35 ml of 0.01 M HCl/0.05 M
H2C2O4, followed by 5 ml of the same acid mixture to remove the
loading solution. We used the metal concentrations in the eluates
to estimate the masses retained on the columns.
For column separation tests, eluates were collected in 50 ml
centrifuge tubes, typically every 10 ml. Assays of 1 ml were then
taken and diluted to 10 ml for ICP-OES (Inductively Coupled
Plasma-Optical Emission Spectrometry) measurements in 0.3 M
HNO3. The inclusion of minor amounts of oxalic acid at these con-
centrations does not interfere with our ICP-OES measurements,
which were made using a Spectro Arcos spectrometer conﬁgured
for radial plasma observation. In all cases, samples diluted for
ICP-OES were measured alongside similarly diluted reagent blank
samples.
3. Results
The results of the retention tests for the WBEC and Beryllium
resins in 0.01 M HCl/0.05 M H2C2O4 mixtures are given in
Table 1. These tests show that the capacity of the Beryllium resin
for Be is well in excess of spike masses typically used in TCN stud-
ies. The ability of theWBEC resin to retain Al, Ti and Fe suggests the
mg amounts of these elements often found in dissolved quartz
samples can be managed on several ml of WBEC resin in 0.01 M
HCl/0.05 M H2C2O4.
Fig. 2 shows a test of whether the WBEC resin (7 ml column)
can separate Al from Be. In a 0.01 M HCl/0.05 M H2C2O4 mixture,
Al, Fe and Ti are retained, but not Be, Mg, K, Ca or Mn. Though a
slight bleed of Al is observed to elute from the WBEC resin during
the loading this is likely due to the relatively large amount of Al
tested in this case. In 0.4 M HCl/0.05 M H2C2O4, Al but not Ti andTable 1
Retention of Be, Al, Ti and Fe on the WBEC and Beryllium resins in 0.01 M HCl/0.05 M
H2C2O4. The values below indicate maximum retention, not necessarily the working
capacity of the resins. Note the capacity of the WBEC resin is quoted as 0.65 meq (S.
Happel, Triskem International, pers. comm.).
Retention on WBEC
resin (mg/ml resin)
Retention on Beryllium
resin (mg/ml resin)
Be – 1.7
Al 1.2 –
Ti 4.2 –
Fe 2.9 –
Fig. 2. The elution of a solution representing a relatively impure quartz sample
through a 7 ml column of the WBEC resin in a hydrochloric/oxalic acid mixture.
Approximate elemental masses in the solution are: 300 lg Be; 5 mg Al; 2 mg Ti;
1 mg Fe; with 100 lg of each of the other elements.
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WBEC resin in 0.01 M HCl/0.05 M H2C2O4 and co-elutes with the Al.Fig. 3. Standard target processing procedures used at the University of Cologne
cosmogenic nuclide target preparation laboratories. The stages within the dashed
box are replaced by the coupled WBEC–Beryllium resin approach in the tests
described in the text.4. Discussion
4.1. Coupled WBEC–Beryllium resin tests
The selectivity of WBEC resin for a broad range of elements in
hydrochloric/oxalic acid mixtures has been presented by
McAlister and Horowitz (S. Happel, Triskem International, pers.
comm.). The results of Fig. 2 show it is possible to separate Al from
Be, then Al from Ti and Fe in differing concentrations of
hydrochloric/oxalic acid. Thus, loading a sample onto a stacked
WBEC–Beryllium resin column allows Be to pass through the
WBEC column into the Beryllium resin column where it is retained.
The columns can then be split into two to complete the elution of
Al and Be from each. Al is stripped from the WBEC resin in 0.4 M
HCl/0.05 M H2C2O4, while unwanted cations are rinsed from the
Beryllium resin column with 0.3 M HNO3 before stripping the Be
in 3 M HNO3. Testing this approach using a range of standard
solution mixtures we obtain Be yields of >90%. Al yields are typi-
cally also >90%, except when the WBEC resin is overloaded, in
which case Al appears to elute into the Beryllium resin and yields
are reduced. However, relatively minor amounts of Al which break-
through into the Beryllium resin do not co-elute with Be following
the splitting of the columns. The co-elution of a portion of the B
with Al may cause problems for some AMS when sample B levels
are high, due to the formation of the BO isobar [8]. In addition,
we typically observed that a few micrograms of Fe elute with the
Al fraction and that this effect is exacerbated with impure samples.
The co-elution of Mn and Ca tends to occur with the Be fraction but
this is not considered problematic as neither will follow Be through
the subsequent hydroxide precipitation stage of the sample pro-
cessing. The retention of Fe and Ti on the Beryllium resin is so
strong that we did not observe signiﬁcant elution of either in
HNO3.
4.2. Viability of coupled WBEC–Beryllium resin schemes for AMS target
preparation
4.2.1. Standard sample preparation method
We evaluated the use of the above coupled WBEC–Beryllium
resin approach for 10Be and 26Al AMS target preparation bycomparing it against the more standard techniques previously
used at the University of Cologne cosmogenic nuclide target pre-
paration laboratories. In full, the standard techniques involve the
quartz extraction and puriﬁcation methods of either, or a com-
bination of, Kohl and Nishiizumi [3] and Misfud and Fink [9], fol-
lowed by an assay of the quartz purity by ICP-OES. Quartz is
weighed (usually between 1 and 30 g) and spiked with typically
300 lg Scharlab ICP 1000 mg/l Be standard and, if necessary,
Scharlab ICP 1000 mg/l Al standard, before being dissolved in open
beakers on a hotplate using a concentrated HF/HNO3 mixture.
Following dissolution, samples are fumed four times with 1 ml of
concentrated HClO4. The sample is taken up in solution and an ali-
quot is removed for ICP-OES determinations of the Al content.
Separation and removal of unwanted elements is then performed
using three discrete steps: ﬁrstly, Fe is removed using anion
exchange chromatography; secondly, the Ti content is reduced by
precipitation and centrifugation of Ti(OH)2 at pH 3.8–4.0; and
thirdly, cation exchange chromatography is used to separate Be
and Al, from each other and other cations. After drying the column
fractions the Be and Al are precipitated as hydroxides, calcinated
and mixed with either Nb or Ag powder in a mass ratio of around
1:5 (BeO:Nb) or 1:3 (Al2O3:Ag), or co-precipitated with Ag
following Stone et al. [8]. Up to 10 mg of the resulting mixture is
subsequently pressed into copper targets for measurement on
CologneAMS.4.2.2. Comparison of the coupled WBEC–Beryllium resin approach
We compared the coupled WBEC–Beryllium resin approach
with more standard processing techniques using splits from two
Fig. 4. The TCN concentrations of quartz samples prepared using standard
techniques (white symbols) compared with those prepared using the coupled
WBEC–Beryllium resin procedure (dark gray symbols). 10Be measurements plotted
as squares and circles, 26Al measurements are given by triangles.
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splits of each of DWA and CoQtz were prepared as 10Be AMS targets
using the standard approach detailed above. Single splits of each of
DWA and CoQtz were prepared as 10Be and 26Al targets per the
standard approach detailed above (Section 4.2.1) but with the
anion exchange chromatography, Ti precipitation and cation
exchange chromatography stages replaced with the WBEC–
Beryllium resin protocols outlined in Section 4.1 (Fig. 3). Two lab-
oratory blanks were prepared in tandem with each batch.
Following the WBEC–Beryllium resin column separation, the Be
and Al fractions were measured by ICP-OES and showed several
tens of micrograms of Be had failed to elute from theWBEC column
and instead been eluted, following the splitting of the columns, in
the Al fraction. Because of the co-elution, the Al fraction containingFig. 5. Coupled WBEC–Beryllium resin separation scheme now used at the University
Beryllium resin column volumes are 7 ml and 2 ml, respectively. Panel I shows resin was
In panel III the columns are split, rinsed and the Be and Al stripped.oxalic acid was heated to dryness on a hotplate set at 100 C three
times in the presence of aqua regia, then three times in an HNO3/
H2O2 mixture and the column separation was repeated as before.
The combined Be yield from the two column runs was between
90% and 100%, the Al yields were >80%, but with increased losses
likely from re-running the initial Al fraction through the columns
a second time.
Following the second column separation and the remaining tar-
get processing steps the samples were measured at CologneAMS
[10], normalized to the standards of Nishiizumi [11,12]. The lab-
oratory blank corrected 10Be and 26Al concentrations of the AMS
measurements are given in Fig. 4. Good agreement is observed
between the average 10Be concentrations of targets prepared using
standard techniques (DWA (n = 4); CoQtz (n = 4)) with the mea-
surements made using the new coupled WBEC–Beryllium resin
approach (DWA-17; CoQtz-5). Blank measurements using both
methods have 10Be/9Be values in the low 1015 range, typical for
the Scharlab Beryllium carrier used [13]. All of the Be targets were
measured in the same AMS run and average 9Be currents over the
course of the measurements are similar for the samples prepared
using the two different approaches. There is one prior
CologneAMS measurement of 26Al in the DWA material, prepared
using the standard techniques shown in Fig. 3 (DWA-1).
Comparing this result with the 26Al result from the sample pre-
pared using the coupled WBEC–Beryllium resin approach (DWA-
17) shows good agreement between the two. 26Al/27Al blanks
range between zero and 6  1015.
Based on the column elution experiments and subsequent mea-
surements of the dissolved quartz samples we adjusted the WBEC–
Beryllium resin separation procedure. We suspect the inconsistent
Be elution observed in the dissolved quartz sample tests was due
to the inclusion of small amounts of HClO4, carried over from the
fuming step. Some additional tests of dissolved quartz samples
have shown that replacing the HClO4 fuming with a dry-down in
aqua regia at 100 C avoids a similar loss of Be on the columns.of Cologne cosmogenic nuclide target preparation laboratories. WBEC resin and
hing. Panel II, the columns are stacked and conditioned and then the sample loaded.
Fig. 6. The elution of standard solutions typical of a relatively pure quartz sample
using a coupled WBEC–Beryllium resin procedure similar to that illustrated in
Fig. 5. Approximate masses used are: 300 lg Be; 2 mg Al; 1 mg Ti; 1 mg Fe; with
100 lg of each of the other elements.
Fig. 7. The elution of standard solutions representing an impure quartz sample
using a coupled WBEC–Beryllium resin procedure similar to that illustrated in
Fig. 5. Approximate masses used are: 300 lg Be; 6 mg Al; 3 mg Ti; 2 mg Fe; with
500 lg of each of the other elements.
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rinse of the WBEC column following column separation to remove
any residual Be prior to elution of the Al fraction (Fig. 5). For the
resin conditioning, washing and cleaning, ﬂow rates of <2 ml/min
are used; once the sample is loaded and until the Al and Be frac-
tions are eluted, ﬂow rates are kept to <1 ml/min. The volume in
which the sample is loaded depends on the ease with which it goes
into solution. We ﬁnd heating in 20 ml of 0.01 M HCl/0.05 M
H2C2O4 is sufﬁcient for most samples but increase this to 40 ml
for more impure samples.
Further elution tests using an approach similar to that shown in
Fig. 5 show clean Al and Be separations for elemental massestypical of relatively pure (Fig. 6) and relatively impure (Fig. 7)
quartz samples. We see a slight loss of Al because of the inclusion
of the 0.1 M HCl/0.05 M H2C2O4 rinse prior to the Al strip, espe-
cially in the elution shown in Fig. 7. In response to ICP-OES results
from several batches of quartz samples which have now been pro-
cessed using the new column procedure we increased the volume
of the Al strip relative to that shown in Figs. 6 and 7 as we ﬁnd this
maximizes Al yields (Fig. 5). Greater amounts of Al, Ti and Fe than
tested here can be accommodated by increasing the size of the
WBEC resin column and calibrating acid volumes appropriately.
After Al and Be are recovered the Beryllium column is discarded
and theWBEC resin cleaned. In the scheme used in Figs. 6 and 7 the
WBEC resin cleaning step tested a 30 ml 3 M HCl elution followed
by a 30 ml 3 M HNO3 elution. Ti but not all Fe is removed using HCl.
3 M HNO3 alone is sufﬁcient to remove any remaining major ele-
ments such as Ti and Fe from the WBEC resin (Fig. 5). However,
we note the afﬁnity of the resin for rare earth elements is likely
so strong that the capacity of the WBEC resin will reduce through
usage and thus need periodic replacement.
5. Conclusions
Ion exchange chromatography allows for the separation of
complex ionic mixtures and multiple column procedures are the
standard approach for separating Al and Be in most TCN AMS
target preparation laboratories. Here we have shown the potential
for a coupled WBEC and Beryllium resin protocol to allow rapid,
single-step column separation of Al and Be, even in Al and Ti rich
quartz samples containing signiﬁcant amounts of unwanted
elements.
Acknowledgments
We indebted S. Happel at Triskem International for valuable
discussions, in particular for his suggestion to test the capabilities
of the WBEC resin. We are very grateful to A. Liermann for help in
producing the ﬁgures. We thank H. Wittmann for a careful review
that improved the quality of the paper.
References
[1] A.L. Hunt, J. Larsen, P.R. Bierman, G.A. Petrucci, Anal. Chem. 80 (2008) 1656.
[2] P.R. Bierman, M.W. Caffee, P.T. Davis, K. Marsella, M. Pavich, P. Colgan, D.
Mickelson, J. Larsen, Beryllium: Mineralogy, Petrology, and Geochemistry, in:
E.D. Grew (Ed.), Reviews in Mineralogy, vol. 50, 2003, p. 147.
[3] C.P. Kohl, K. Nishiizumi, Geochim. Cosmochim. Acta 56 (1992) 3583.
[4] D. Child, G. Elliot, C. Mifsud, A.M. Smith, D. Fink, Nucl. Instr. Meth. B 172 (2000)
856.
[5] F. von Blanckenburg, T. Hewawasam, P. Kubik, J. Geophys. Res. B 109 (2004)
F03008.
[6] E.P. Horwitz, D.R. McAlister, Solvent Extr. Ion Exch. 23 (2005) 611.
[7] D.R. McAlister, E.P. Horwitz, Talanta 67 (2005) 873.
[8] J. Stone, K. Fiﬁeld, J. Beer, M. Vonmoos, C. Obrist, M. Grajcar, P. Kubik, R.
Muscheler, R. Finkel, M. Caffee, Nucl. Instr. Meth. B 223–224 (2004) 272–277.
[9] C. Mifsud, T. Fujioka, D. Fink, Nucl. Instr. Meth. B 294 (2013) 203.
[10] A. Dewald, S. Heinze, J. Jolie, A. Zilges, T. Dunai, J. Rethemeyer, M. Melles, M.
Staubwasser, B. Kuczewski, J. Richter, et al., Nucl. Instr. Meth. B 294 (2013) 18.
[11] K. Nishiizumi, Nucl. Instr. Meth. B 223 (2004) 388.
[12] K. Nishiizumi, M. Imamura, M.W. Caffee, J.R. Southon, R.C. Finkel, J. McAninch,
Absolute calibration of Be-10 AMS standards, Nucl. Instr. Meth. B 258 (2007)
403.
[13] S. Merchel, M. Arnold, G. Aumaître, L. Benedetti, D.L. Bourlès, R. Braucher, V.
Alﬁmov, S.P.H.T. Freeman, P. Steier, A. Wallner, Nucl. Instr. Meth. B 266 (2008)
4921.
